Vernooij CA, Reynolds RF, Lakie M. A dominant role for mechanical resonance in physiological finger tremor revealed by selective minimization of voluntary drive and movement.
resonance; physiological tremor; finger; electrical stimulation; EMG HUMANS ARE UNABLE TO HOLD their fingers completely still; some trembling will always be present. This physiological finger tremor is generally described as semiregular oscillations of the limb with distinct acceleration peaks at one or two frequencies, around 8 -12 Hz and/or over 15 Hz (e.g., Daneault et al. 2011; Elble 1996; Raethjen et al. 2000; Stiles and Randall 1967) . There is a long-standing debate on the origin of physiological finger tremor. Physiological tremor inevitably involves the resonant properties of the limb, possibly with some synchronization of motor units. More controversially, there may be an element associated with central oscillation, although such oscillators have not been unequivocally identified (Stiles and Pozos 1976) . The idea that physiological tremor is associated with central oscillation has a very long history and seems to have closely followed Berger's discovery of the alpha rhythm. However, early suggestions that tremor was a consequence of the alpha rhythm (Jasper and Andrews 1938; Schwab and Cobb 1939) were later shown to be incorrect (Lindqvist 1941 ). More recently, there is the idea that oscillators (possibly of the inferior olive or thalamus) act as clocks which impart a basic pulsatility to motor output and to human posture (Llinas 1984) . Such rhythmicity may (Goodman and Kelso 1983) or may not (Lakie and Combes 2000) impose an inevitable phase relationship between tremor and movement initiation. More recently still, the idea has been extended to the control of slow movement which, while apparently continuous, is said to be executed by discontinuous motor outputs at 7-11 Hz (Vallbo and Wessberg 1993) . This has lead to a "bump" model which seeks to explain physiological tremor in terms of rhythmic central drive (Bye and Neilson 2010) . However, in recent work on hand tremor we have observed that all of the characteristics of tremor and pulsation during movement can be satisfactorily reproduced by a resonator driven by a noisy EMG input (Lakie et al. 2012) . The evidence for relevant central oscillators is tenuous, and here we test the idea that the distinguishing features of physiological tremor do not require any central drive.
A prerequisite for any mechanical resonance is that a body must be able to move. Applying this principle to the origin of finger tremor, resonance should be revealed by a systematic comparison of isotonic and isometric tremor, measured by acceleration and force fluctuation, respectively. To our knowledge, this has not been done before in finger tremor. We know of only one study which has made this comparison, but this was for hand tremor. Hand tremor is different from finger tremor because its frequency spectrum is a single sharply tuned peak, usually below 10 Hz, rather than the wide range (8 -40 Hz) and somewhat broader tuning frequently observed in finger tremor. Burne and colleagues compared hand tremor in a "hand free" and "hand fixed" condition (Burne et al. 1984) . They observed a sharply tuned peak in the EMG power spectrum, but only when the hand was free to move. This corresponded to the peak frequency of isotonic hand acceleration, leading the authors to conclude that the primary cause of tremor was the stretch reflex. However, a number of other studies have shown that the peak frequency of hand tremor does not match the peak frequency of the demodulated EMG (for example, Raethjen et al. 2000; Timmer et al. 1998) , and this has been confirmed by recent studies on hand tremor from our laboratory (Lakie et al. 2012; Reynolds and Lakie 2010) . In the present study, we systematically examine physiological finger tremor when the finger is fixed or free to move. We compare the relationship between EMG and either acceleration (isotonic) or force fluc-tuations (isometric). In particular, we examine the gain between EMG and acceleration or force to determine how the musculoskeletal system acts at different frequencies. Since our recently published study (Lakie et al. 2012) suggests that tremor frequency and amplitude are altered by movement, we also incorporate different levels of muscular activation and movement.
A prerequisite for centrally generated finger tremor is input from the brain. In our second approach to resolving the debate, we minimize central input by studying artificially evoked finger tremor using electrical stimulation of the relaxed extensor muscle. The technique is conceptually similar to the use of broad-band "stochastic" stimulation to probe the response of the vestibular system (Dakin et al. 2007; Reynolds 2011; Scinicariello et al. 2002) . We use random broad-band noise stimulation to ensure that what we observe is not the response to an idiosyncratic component of the input signal. Just as we study various levels of muscle activation in the voluntary experiment, we systematically apply different root-meansquare amplitudes of electrical stimulation.
Using these two experimental approaches, we address the following questions: 1) What is the effect on tremor of eliminating resonance? 2) What is the effect on tremor of minimizing central drive?
3) What is the effect on tremor of altered levels of muscle activity?
4)What are the implications for physiological and pathological finger tremor?
METHODS
Six healthy right-handed subjects (age 20 -56 yr, 3 men) participated in a voluntary muscular control study. Eight healthy righthanded volunteers from the same subject pool (age 21-58 yr; 7 men) participated in an artificial muscular control study. All showed typical tremor characteristics and gave their informed consent. Ethical permission was received from the University of Birmingham, and the experiment was carried out in accordance with the Declaration of Helsinki.
Apparatus and Procedures
Subjects sat in a comfortable chair with their pronated right forearm supported in a foam rest situated at waist height. The hand was secured to a horizontal support with a central slot. This permitted unconstrained flexion-extension movements at the metacarpophalangeal joint of the splinted middle finger in the vertical plane.
There were two experiments, each with two conditions. In one condition, a small accelerometer (model SCA3000, Active Robots, 12.7 ϫ 20.32 mm) was attached to the nail plate of the middle finger to measure vertical tremor acceleration. This will be referred to as the isotonic condition. In a second condition, the splinted middle finger was attached to a very stiff steel bar instrumented with strain gauges (model 632-124, RS Components) to record exerted vertical tremor force. This will be referred to as the isometric condition.
Experiment 1: Preventing mechanical resonance (voluntary control) . In this experiment, participants voluntarily activated their extensor muscle. The activation they generated was, therefore, subject to central control. Muscle activation was recorded as surface EMG from the belly of the extensor digitorum communis muscle (m. EDC, determined by palpation) using a Delsys Bagnoli system. A computercontrolled bar target was displayed on a large-screen oscilloscope (model 1910, Wavetek) 1.2 m in front of the subject. There were three trials in which the target was stationary (top, middle, or bottom) and two trials in which it moved sinusoidally between the static top and static bottom positions at 0.1 Hz or 0.2 Hz.
For the isotonic condition, a retroflective laser (model YP11MGV80, Wenglor Sensoric) pointed at a white reflector placed on the finger. The laser measured vertical finger movement, which was displayed to the subject on the oscilloscope. The participants' task was to align their displayed position with the target. Consequently, increasing amounts of activation were required, respectively, for a static bottom, middle, and top posture and a slow and faster dynamic movement. The stationary middle position of the target was individually adjusted to a comfortable middle position of the finger. The top and bottom position (ϩ10 cm and Ϫ10 cm from the middle position on the screen) corresponded to a finger angle of ϳ15°upward or downward, spanning a total finger displacement of 30°. The dynamic trials corresponded to a mean angular speed of ϳ6 or 12°/s.
For the isometric condition, the force signal from the strain gauge was low-pass filtered (time constant 2.0 s) and displayed to the subject on the oscilloscope. Participants were asked to align their generated force signal with the target. Thus the subject's task was to produce one of three levels of continuous force or to track alternately from the lower to the higher value at one of two different rates. Note that the trials involved the control of a steady or dynamically changing amount of generated force: there was never any actual finger movement in the isometric condition. Equal amounts of activation are desirable to be able to compare the isotonic and isometric condition. Accordingly, the static top and static bottom positions of the target in the isometric condition were set in such a way that the EMG activation was comparable in the isometric and isotonic conditions. The mean levels of force ranged from 0.25 N (bottom) to 1.0 N (top). All trials were performed for 60 s, and adequate practice was allowed so that the subjects could carry out each trial easily.
Experiment 2: Minimizing central input (artificial control) . In this experiment, we artificially activated the subject's m. EDC by electrical stimulation. The activation that was generated did not require central control. Two aluminum electrodes (ϳ1 cm 2 each), coated with electrode paste, were attached by tape to the skin over the muscle belly of the m. EDC. A neuromuscular stimulator (model DS7A, Digitimer), controlled by a PC, was connected to these electrodes.
Subjects were asked to sit as still as possible and to keep their arm and fingers relaxed during the entire experiment. Pseudorandom stimulus trains of small electrical currents were applied to the electrodes on the extensor muscle (duration of a single stimulus 50 s, duration of stimulus train 60 s, frequency range 2-30 Hz). We wished to encompass the acceleration magnitudes produced in each of the five voluntary trials (static top, middle, bottom, dynamic 0.1 Hz and 0.2 Hz). Accordingly, we predetermined five stimulus intensities for each subject so that the range of tremor sizes was generously encompassed. Note that finger position during these trials does not correspond to the voluntary control experiments, but their acceleration profiles do overlap. For each subject, we adjusted the intensity so that a single shock produced a twitch with peak acceleration of 0.25 m/s 2 and called this intensity 1. We then established the shock intensity required to produce a twitch of 7.5 m/s 2 and called this intensity 5. We used an empirically derived algorithm to set the intermediate intensities so that an approximately linear progression of response sizes resulted. The mean stimulus currents were 28, 33, 38, 42, and 47 mA (range 20 -70 mA) . A single stimulus train at each of the five intensities was presented to the subjects in both the isotonic and isometric condition.
Data Analysis
EMG signals were amplified by 1000 and band-pass filtered between 20 Hz and 300 Hz. Acceleration, force, and EMG were sampled at 1,000 Hz and digitized using a MC 6026 PCI card. For all trials, the appropriate input signal (either stimulus train or EMG) and output signal (either force or acceleration) were processed using Matlab (MathWorks Matlab 2011a, Natick, MA). Fast Fourier transforms, resolution 0.12 Hz, were calculated for the input and output signals using neurospec-software for Matlab (version 2.0, 2008, for a theoretical framework see Halliday et al. 1995) . The cross-coherence between rectified EMG and output signals was determined. In addition, the cross-spectral gain between the input and output signals was calculated. For the artificial control experiment, it is not possible to record EMG during continuous stimulation. Accordingly, we computed stimulus-to-output gain for experiment 2, which does not provide the same unambiguous information about muscle properties as the use of EMG because the electrical stimulus may not be the sole input to the muscles. However, we included the gain calculation because it provides a simple correction for differences in the level of stimulation and thus allows some degree of size comparison with the EMG-to-output gain in the voluntary experiments. For graphical purposes, individual frequency spectra were pooled together and smoothed (running average 0.015 s). Finally, the mean level was subtracted from the average EMG spectra to compare the shape of the EMG spectra in the isotonic and isometric conditions for each trial.
To quantify the effect of increased muscular activity (both voluntary and artificial) on frequency changes, frequency spectra were split into five bins (0. [5] [6] [7] [8] [9] [10] [10] [11] [12] [13] [14] [15] [15] [16] [17] [18] [19] [20] [20] [21] [22] [23] [24] [25] , and the mean amplitude within each bin was calculated. We excluded frequencies below 0.25 Hz to exclude movement-related components in the dynamic trials. A repeated-measures ANOVA was used to examine mean EMG, acceleration, force, and gains for each bin. Since the use of post hoc tests in a repeated-measures ANOVA is controversial (Howell 2010 ) and the results are clear, we decided not to check post hoc differences between frequency bins. In addition, paired samples t-tests were used to examine the frequency bins in which the outputs and gains were maximal per condition. Statistics were calculated using SPSS (version 18, Chicago, IL), and all tests were considered significant with an alpha of Յ5%. Figure 1 , left, displays the frequency spectra of the EMG averaged from all subjects measured in the isotonic and isometric condition. Shaded areas represent standard error. Mean EMG power is slightly greater in isometric conditions. As expected, it also increases slightly when more activation is required. To enable a direct comparison of spectral shape, the right panels show the same spectra with their mean subtracted. The EMG spectra all have a broad peak between 10 and 18 Hz. The shape of the spectra of isometric and isotonic conditions is remarkably similar in almost all trials, suggesting qualitatively similar neural input to the muscle. The biggest difference can be seen in the static top trial, where the isometric condition shows more power at ϳ18 Hz. In the dynamic trials, there is inevitably a sharp peak at the frequency of movement (0.1 or 0.2 Hz). This confirms that the EMG was recorded from the appropriate section of muscle controlling the finger. Figure 2 displays the average frequency spectra for all subjects in the voluntary control experiment. The top panels illustrate the isotonic condition; the bottom panels illustrate the isometric condition. Shaded areas represent standard error. The left panels show the input spectra (EMG from Fig. 1 replotted) , the middle panels show the output spectra (acceleration or force), and the right panels show the input-output gain. The acceleration spectra (top middle panel) all show a peak. For the Fig. 1 . Frequency spectra of the EMG averaged per trial over all subjects in the isotonic condition (black traces) and isometric condition (gray traces). Shaded areas represent standard error. Left: amplitude spectra; right: amplitude spectra with mean subtracted for a direct comparison of shape. In general, slightly more EMG is generated in the isometric condition of all trials. The shape of the spectra is similar for isometric and isotonic conditions. The spectra all have a small peak 10 -18 Hz. static trials, this peak is quite broad, with power concentrated between 10 and 20 Hz. The mean level of acceleration increases with increasing levels of static activation, and the peak becomes more pronounced and moves closer to 10 Hz. For the dynamic trials, mean acceleration increases further, and the peak becomes sharply tuned at ϳ10 Hz. Additionally, there is a barely visible peak at the frequency of movement (0.1 or 0.2 Hz), which is probably due to tilt of the accelerometer. Interestingly, within each condition, the peak frequencies of acceleration and EMG do not coincide. For example, in the dynamic 0.2-Hz condition, peak acceleration and EMG frequencies occur at ϳ11 and 18 Hz, respectively. Furthermore, across conditions, acceleration peak frequency reduces with greater activation levels, whereas there is a tendency for peak EMG frequency to increase (albeit nonsignificant). The relationship between EMG and acceleration is formally quantified by the cross-spectral gain (top right panel). Gain for static trials has a distinct peak at low (ϳ10 Hz) and high (20 -25 Hz) frequencies. The low-frequency peak becomes more prominent as activation increases. Acceleration amplitude rises and frequency drops with increased level of activation. The isotonic gain shows a broad spectrum with a small peak ϳ20 Hz for lower activation trials. Gain size is increased and sharply peaked at ϳ10 Hz for dynamic trials. Isometric force and isometric gain show a decay in amplitude with higher frequencies and show an overall rise in amplitude with increased level of activation.
RESULTS
The force spectra, obtained in the isometric condition, are shown in the bottom middle panel. The force spectrum declines at a decreasing rate at higher frequencies. This holds for all trials. As activation increases, the amplitude of the force spectrum becomes larger at all frequencies and, on the semilogarithmic plots shown here, forms a series of approximately parallel curves. In some of the static spectra, there is a small peak or inflection around 10 Hz. The EMG-force gain plots (bottom right panel) are quite similar to the force spectra and mainly decrease in amplitude with higher frequencies. Again, a small modulation can be seen at ϳ10 Hz, indicating this locally increased amplitude is not due to specific EMG activity at that frequency. The difference between static and dynamic trials, while clear, is much smaller than under the isotonic condition.
Cross-coherence was calculated between rectified EMG and the output signals (acceleration for isotonic tremor and force for isometric tremor). As the EMG drives the acceleration and force, there was, as expected, a moderately high degree of coherence between EMG and the output signals at all frequencies (see Fig. 3 ). The dashed line shows the upper level of the 95% confidence interval for the hypothesis that the two processes are independent. In almost every case, in both isotonic and isometric conditions, coherence is highest between 8 and 15 Hz. The magnified inset shows the very high degree of coherence between rectified EMG and force or acceleration at the low frequencies of voluntary activation (0.1 or 0.2 Hz) in the dynamic conditions. Figure 4 displays the frequency spectra averaged from all subjects in the artificial control experiment. This figure strikingly resembles Fig. 2 . The top panels illustrate the isotonic condition; the bottom panels illustrate the isometric condition. Shaded areas represent the standard error. The left panels show the input spectra (stimulations), which confirm an equal distribution of frequencies. The middle panels show the output spectra (acceleration or force), and the right panels show the input-output gain. The acceleration spectra (top middle panel) all show a peak. At low-stimulus intensities, the acceleration spectrum has a peak at ϳ18 Hz. At higher stimulus intensities, acceleration levels rise, become sharply tuned, and the peak frequency decreases to ϳ10 Hz. The cross-spectral gain between the stimuli and the acceleration is shown in the top right panel. The gain shows a similar pattern to the acceleration spectra. For low-stimulus intensities, the gain is largest at ϳ18 Hz. With higher stimulus intensities, the overall gain increases, and the peak shifts to ϳ10 Hz.
The frequency spectra of the force measured during the isometric condition are shown in the bottom middle panel. The force shows a fall-off in amplitude with higher frequencies. With increasing stimulus intensities, there is an overall increase in force, and this increase leads to almost parallel spectra. The stimulus-to-force gain (shown in the bottom right panel) also decreases with higher frequencies, in an almost linear fashion on the semilogarithmic plot. Increased stimulus intensities produce elevated gain. In the isometric condition, there are no identifiable frequency peaks, in stark contrast to gain in the isotonic condition.
We wanted to examine shifts in frequency that occurred with increasing muscular activation, and also to compare voluntary with stimulated activation. Accordingly, the input, output, and gain data were reduced to frequency bins for statistical evaluation. Figure 5 shows the mean acceleration (top two plots) and force (bottom two plots) within each of five frequency bins (0. [5] [6] [7] [8] [9] [10] [10] [11] [12] [13] [14] [15] [15] [16] [17] [18] [19] [20] [20] [21] [22] [23] [24] [25] . The left and right plots resulted from the voluntary and artificial control experiments, respectively. Asterisks represent frequency bins where power was greatest. We chose to plot output size rather than gain, since, for the artificial control experiment, the gain provides less clear information, and, for both experiments, the Fig. 3 . Coherence spectra averaged per trial over all subjects in the voluntary control experiment. Left: isotonic condition; right: isometric condition. The horizontal dashed line represents the upper level of the approximate 95% confidence interval for the hypothesis that the two processes are independent. The coherence spectra are quite similar for all trials and both conditions. The coherence has a mean level of 0.3 at all frequencies. In nearly all trials, coherence is higher 8 -15 Hz. The inset displays a magnified 0-to 1-Hz range of the two dynamic spectra, showing a very high coherence at the frequencies of movement. paired samples t-tests showed output and gain would provide similar graphs. For all levels of activation, in both voluntary and artificial control experiments, the generated isometric force is highest in the lowest frequency bin (0.25-5 Hz, indicated by *) and declines with increasing frequency. ANOVA showed significant main and interaction effects of frequency bin and activation for both force and gain [all P Ͻ 0.01, F-value range: F (1.533,10.729) ϭ 9.417 to F (2.074,10.371) ϭ 638.483]. For low levels of voluntary and artificial muscle activation, isotonic acceleration and gain are peaked in the 15-to 20-Hz bin. With increasing muscular activation, acceleration and gain level significantly increase, while the peak frequency significantly reduces to 10 -15 Hz (voluntary) and 5-10 Hz (artificial) (indicated by *, all P Ͻ 0.001). Importantly, there was also a significant interaction between frequency bin and intensity for acceleration and stimulus-to-acceleration gain (both P Ͻ 0.001), demonstrating that the peak frequency shifted with higher levels of muscular activation. Unfortunately, EMG-to-acceleration gain did not show these significances, possibly due to large variability in EMG bins. Frequency and intensity had no significant effect upon EMG input (P Ͼ 0.05). Crucially, there was no interaction between frequency and intensity (P Ͼ 0.05), indicating that the distribution of EMG did not change with higher levels of muscular activation.
DISCUSSION
We now consider the questions we posed. 1) What is the effect on tremor of eliminating resonance? EMG spectra always showed a broad peak for both isometric and isotonic finger tremor, but this peak frequency was variable over trials and participants. This is in agreement with other studies reporting idiosyncratic, broadly tuned extensor EMG spectra when the finger is outstretched (e.g. synchronization of individual motor unit firing (Christakos et al. 2009; Halliday et al. 1999) . Figure 2 shows that, with increasing activation, the EMG peak frequency increases slightly, as might be expected based on a higher discharge frequency of motor units (Wessberg and Kakuda 1999) . As far as we are aware, only Burne et al. (1984) have studied the origin of tremor by comparing isotonic and isometric tremor. In their study on hand tremor, they found an acceleration peak at 9 Hz exclusively in isotonic conditions. However, unlike the present study, they also found a large sharply tuned peak at 9 Hz in EMG under isotonic conditions, which they interpreted as part of a self-sustaining, neurally generated, mechano-reflex oscillation. The reason for this different result is not clear. In contrast to the present research, they studied the hand. Hand tremor can be represented by a single sharply tuned peak in the acceleration spectrum and, therefore, shows a different behavior to finger tremor. However, other studies do not show a sharply tuned peak at a corresponding frequency in the associated EMG (e.g., Deutsch et al. 2011; Halliday et al. 1995; Lakie et al. 2012; Reathjen et al. 2000) . It is possible that the sharp peak they observed is due to increased synchronization of EMG activity due to fatigue (e.g., Hagbarth and Young 1979) . Addition of extra motor fibers firing in synchrony will increase the coherence between EMG and acceleration or force. In our results for the finger, there was no simple relationship between the frequency of the tremor and the EMG. For example, in Fig. 2 as activation increases and tremor frequency decreases, there is no corresponding reduction in the peak frequency of the EMG.
Unlike the input spectra, the output spectra were not similar across conditions. For all levels of activation, isometric force decayed with increasing frequency in an approximately exponential fashion. This is a well-known phenomenon of force production in muscle tissue. Several studies on the properties of soleus muscle in cat Mannard and Stein 1973) and human Stein et al. 1972) confirm that a muscle acts like a second-order low-pass filter when it is voluntarily activated or when the muscle nerve is stimulated with either single pulses or a random pulse train. If there is a synchronization of motor units at a specific frequency, the amplitude of force fluctuation increases at that frequency (Allum et al. 1978; Christakos et al. 2006; Elble and Randall 1976) . Christakos et al. showed a variable degree of motor unit synchronization, and the effect was a localized peak around 10 Hz in the force spectrum of the first dorsal interosseous muscle of some subjects. To a degree, this was also observed in our data. This is considered in more detail below.
In contrast to force, acceleration always displayed an obvious peak in the spectrum. For low levels of activation, this peak was ϳ20 Hz. With increasing amounts of activation, it dropped to ϳ10 Hz, and the overall amplitude of acceleration increased. In general, postural finger tremor is described as acceleration with two main components in its spectrum: one between 8 and 12 Hz, and one between 15 and 30 Hz (e.g., Daneault et al. 2011; Elble 1996; Lakie et al. 1992; Raethjen et al. 2000; Stiles and Randall 1967) . Most studies show an altered frequency spectrum when inertia is added to the finger or during slow movements of the finger. It seems to be a general finding that, under postural conditions, tremor tends to be dominated by high frequencies (Daneault et al. 2011) , whereas, when increased level of activation is required, as in loading (Stiles and Randall 1967) or tracking conditions (Vallbo and Wessberg 1993; Vallbo 1995, 1996) , the high-frequency peak drops to a lower frequency or the low frequency greatly predominates. Our results (see Fig. 2 ) reflect these findings.
2) What is the effect on tremor of minimizing central drive?
In our hand tremor study (Lakie et al. 2012) , we found that a model of the limb generated lifelike tremor whether the input was prerecorded EMG or white noise. Here we used random percutaneous electrical stimulations to implement this in a real physiological system. This procedure eliminated central input as far as possible. Conveniently, the amplitude of the electrical stimulus could be tailored to generate comparably sized tremor in all subjects. This also allowed us to explore a larger range of movements than in the voluntary control experiments. We used five levels in each experiment, so there is considerable overlap between tremor sizes under artificial and voluntary control. As expected, experiments using artificial control generated congruent results to voluntary control, and the changes between trials became much clearer because of the reduction in intersubject variability in tremor size. It is of particular interest that, with artificial input of appropriate size, the low-frequency acceleration peak (8 -12 Hz), previously attributed to neural causes, is clearly apparent. Eliminating the central input does not seem to have a large influence on the tremor spectra, which depend almost entirely on the size of the input spectrum rather than its shape. Because the gain spectra were calculated from the applied stimulation, they are virtually identical to the output spectra (see METHODS). The precise input to the muscle cannot be known, because we were unable to record EMG simultaneously during stimulation. Theoretically, the EMG may have included reflex or voluntary components that might affect our interpretation of the gain calculation. Voluntarily generated activation is likely to be minimal, since subjects were instructed to stay relaxed, and is not likely to increase systematically with increased stimulation. The role of reflex activation in tremor generation is unclear; previous studies are contradictory or fail to include the effect of their experiment on muscle properties (e.g., Lakie et al. 2004; Marsden et al. 1969) . Reflex activation might increase with activation level. However, the output spectra are very similar with voluntary and artificial control and overlap in amplitude. This implies that the pattern of EMG driving both is likely to be similar. As there was no EMG peak at the tremor frequency in the voluntary control experiment, there is no reason to expect that stimulation would generate a peak at that particular frequency. So, although we cannot rule out stretch reflex mechanisms during artificial control, it is not a likely explanation for the clear difference between isotonic and isometric tremor.
The cross-coherence describes the strength of the relationship between the input (EMG) and output (acceleration or force). It is a correlative measure. Unlike the transfer function, describing gain and phase, the nature of a system cannot be inferred from the coherence. The meaning of a low coherence is that there is a substantial amount of noise (uncorrelated with the input) present in the output. The very high degree of coherence at the frequency of voluntary dynamic activation (0.1 or 0.2 Hz) is a strong indication that the EMG we recorded is intimately involved in the generation of the output. The power of the EMG is maximal at this frequency of voluntary modulation. In nearly all conditions, there is a local peak in the coherence between 8 and 15 Hz. Coherence is likely to be greater at these frequencies, because the majority of spontaneous EMG power, and thus relatively the least amount of uncorrelated noise, is found there (Fig. 1) . It is particularly interesting that the coherence spectra are very similar in isotonic and isometric conditions. A possible cause of the increased coherence between 8 and 15 Hz could be synchronization of motor unit firing at these frequencies. However, much larger afferent activity from the muscle produced under isotonic conditions would be expected to greatly increase the amount of synchronization. Since our results indicate that the extent of any such synchronization is similar in the isotonic and isometric conditions, substantial motor unit synchronization seems unlikely.
In contrast to coherence, the cross-spectral gain shows the quantitative relationship between input and output at each frequency and thus provides information about the system under investigation. The distinction between coherence and gain is very clear when comparing Figs. 2 and 3 . In our study, the gain reflects the properties of the muscle and limb, and it is, therefore, ideal for examining changes in the muscle's properties that occur with altered activation levels.
For the isometric condition, with EMG as input and force as output, we found that the gain dropped almost exponentially at higher frequencies and is negligible at frequencies over 15 Hz. It increased slightly with activation level, which possibly reflects progressive recruitment of larger motor units. studied the properties of human soleus muscle and calculated the gain between single or random trains of electrical nerve stimulation and muscle force. They found a declining stimulus-to-force gain at higher frequencies, reflecting increasing twitch fusion. Therefore, the decay in gain in our results was expected. Additionally, there is a small inflection at ϳ10 Hz visible in the static isometric gain spectra, which reflects those seen in the force spectra (Fig. 2) . The cause of these minor peaks in the force and gain is unclear. The absence of corresponding peaks in our measured EMG strongly suggests that synchronization of motor neuronal firing is not responsible. A possibility is that there is some force generated by activity of one or more motor units, firing at Ͻ10 Hz, which did not register because contributions of individual motor units cannot always be detected in an EMG signal. However, when subjects voluntarily modulated their force in the dynamic conditions, there was very strong coherence between EMG and force at the low frequency of voluntary modulation. This suggests that we were recording from a part of the muscle closely involved with driving the finger. Certainly, the force peaks, while superficially similar in frequency to the isotonic tremor, were miniscule, variable within and between subjects, and nothing like the very large peaks seen under isotonic conditions. We do not think that our study shows tremor under isometric conditions. We think it is a small component of force fluctuation due to poorly fused motor unit activity at firing frequency (Dideriksen et al. 2012 ). However, we cannot say categorically that a central oscillator never operates in isometric conditions.
The gain for the isotonic condition was very different from the isometric gain. The results show that the EMG-to-acceleration gain always had a peak. The broadband nature of the EMG and the peak in gain show that isotonic tremor is a consequence of resonance produced by the mechanical properties of the muscle-limb rather than anything specific in the EMG input. The peak in the gain spectrum became clearer and dropped from ϳ20 to 10 Hz with increased activation. Even though EMG displayed more overall power with increased activation, this drop in frequency of the peak gain shows that the tremor at low frequency results from an altered frequencyspecific amplification of the EMG input, rather than an increase in EMG power. The peaked gain in isotonic trials, and its absence in isometric trials, suggests a strong influence of a mechanical resonance. With increased activation, amplitude increased as expected, but the frequency of the resonance decreased. This behavior is not due to the firing frequency of motor units, which rises with increased activation (voluntary) or stays the same (artificial). Neither is it a consequence of recruiting different motor units. As voluntary activation increases, progressively larger and faster motor units are recruited. This will not be true for artificial activation, which tends to stimulate the largest motor units first. However, resonant frequency decreases similarly, as both modes of activation are increased. Our results are consistent with a resonant system driven by largely random noise. It is possible that there is some minor peripherally generated synchronization of EMG activity that we fail to detect produced by the very small muscle movements in the isometric condition. However, under isotonic conditions, where the muscle movement is much larger, and when electrically stimulated where motor unit firing is more synchronized, such entrainment should be very obvious, yet it does not occur.
4) What are the implications for physiological and pathological finger tremor?
These results are qualitatively similar to the behavior of hand tremor, which we recently reported (Lakie et al. 2012; Reynolds and Lakie 2010) . We reported that hand tremor decreased in frequency from 8 Hz when postural to 6 Hz when moving. We proposed an explanation based on resonance of the inertia of hand and stiffness of tendon and muscle. We suggested that a substantial reduction in muscle stiffness accompanied movement and reduced resonant frequency (muscle thixotropy). However, the reduction in resonant frequency was relatively modest, because the relative compliance of the tendon caused the overall stiffness to drop only approximately twofold. In the case of finger tremor, the change in frequency from 20 Hz to 10 Hz is much greater. How can this be explained? We can suggest two possibilities. Possibly, because the finger has a smaller inertia than the hand, its resonant frequency will be altered more by any change in stiffness. Alternatively, perhaps a switch between different modes of oscillation occurs. During low levels of activation, the muscle will be very stiff, and the tendon and finger may resonate as a unit at high frequency. When activation is large, the muscle stiffness starts to drop due to its thixotropic nature (Axelson and Hagbarth 2001; Lakie and Robson 1988; Proske et al. 1993) . Consequently, more of the muscle resonates with the tendon and finger, causing a substantially lower resonant frequency. This second possibility implies that tremor can coexist as two modes of oscillation, so that, as muscular activation and movement increase, a growing low-frequency peak becomes superimposed upon the high-frequency peak. We are studying these alternatives.
Our results show that isotonic physiological finger tremor, as generally recorded, is mainly a consequence of mechanical resonance. During movement, the finger resonates at ϳ10 Hz, and when there is little movement (static posture) the finger trembles at ϳ20 Hz. When a finger is held outstretched, the amount of muscle movement will naturally vary. As tremor is always recorded over a period of many seconds, it is, therefore, likely that both frequency peaks will appear in the spectrum. In finger tremor, it is never certain which peak (high or low frequency) would be larger: sometimes consecutive recordings from a single subject could be different (Lakie et al. 1992) . Possibly, different resonant mechanisms predominate at different instants. Furthermore, long periods of immobility have been shown to raise the resonant frequency of the relaxed finger driven by impulses from 13 Ϯ 8 to 20 Ϯ 9 Hz (means Ϯ SD) (Lakie and Robson 1988) . On this basis, the high-frequency tremor will occur at times when the subject is most purely postural, to be replaced by low-frequency tremor when muscle movement occurs. The observations that we make are confined to physiological tremor. Certainly it is a fact that essential tremor and Parkinsonian tremor, which have a larger size, have low frequencies. However, in Parkinson's disease and in some cases of essential tremor, there is no doubt that central oscillation is involved. More research confirming the resonance theory for physiological tremor is warranted. Experiments using mechanical perturbations applied to the relaxed finger as an input are in progress.
